The Escherichia coli lactose (lac) operon encodes the first genetic switch to be discovered, and lac remains a paradigm for studying negative and positive control of gene expression. Negative control is believed to involve competition of RNA polymerase and Lac repressor for overlapping binding sites. Contributions to the local Lac repressor concentration come from free repressor and repressor delivered to the operator from remote auxiliary operators by DNA looping. Long-standing questions persist concerning the actual role of DNA looping in the mechanism of promoter repression. Here, we use experiments in living bacteria to resolve four of these questions. We show that the distance dependence of repression enhancement is comparable for upstream and downstream auxiliary operators, confirming the hypothesis that repressor concentration increase is the principal mechanism of repression loops. We find that as few as four turns of DNA can be constrained in a stable loop by Lac repressor. We show that RNA polymerase is not trapped at repressed promoters. Finally, we show that constraining a promoter in a tight DNA loop is sufficient for repression even when promoter and operator do not overlap.
INTRODUCTION
It is difficult to overstate the historical significance of the Escherichia coli lactose (lac) operon as a paradigm for negative and positive control of gene expression (1) . This short segment of the bacterial chromosome encodes a genetic switch that senses and responds to glucose and lactose concentrations to produce lactose digestion enzymes only when glucose is absent and lactose is present (2) . Central to this function is the homotetrameric Lac repressor protein that binds DNA operator sequences in the lac operon (3) . Lac repressor binding is weakened in the presence of allolactose or its analog, isopropyl b-D-1-thiogalactopyranoside (IPTG), relieving repression. In the absence of glucose, RNA polymerase binds cooperatively with catabolite activator protein at the lac promoter (positive control). In simplest terms, the mechanism of negative control involves Lac repressor binding to occlude access of RNA polymerase holoenzyme to the lac promoter (4) .
Of particular significance to the present work is the fascinating observation that two remote auxiliary operators (O aux ) exist in the lac operon (5) . It has been proposed and demonstrated (6-13) that bidentate repressor tetramers bound at auxiliary operators increase the effective repressor concentration at the regulatory operator (O) through DNA looping ( Figure 1 ). This concept has been exploited as an approach to probe the physical properties of bacterial DNA in vitro (14) and within the bacterial nucleoid in vivo (12, (15) (16) (17) .
The natural auxiliary operators of the lac operon have different affinities and occur such that one is just upstream and one is far downstream of the regulatory operator immediately proximal to the promoter. We have designed experiments in living bacteria to clarify the role of DNA looping in repression. We first tested the hypothesis that increasing the local concentration of repressor at the proximal operator is necessary and sufficient to explain promoter repression (13) . This hypothesis implies that identical auxiliary operators positioned equivalent distances either upstream or downstream of the regulatory operator should provide comparable enhancement of repression by equally increasing the effective local repressor concentration at the regulatory operator. Artificial lac operators have been shown to enhance repression when upstream or downstream of the promoter (18) , but the equivalence of upstream and downstream auxiliary operators has not been previously tested in systematic experiments. Second, we determined the smallest possible DNA loop involving Lac repressor in living bacteria. Third, we tested the early proposal that favorable repressor-polymerase contacts trap RNA polymerase at repressed promoters (19, 20) . Fourth, we tested in vivo a recent hypothesis that promoter DNA bending strain is intrinsically repressive (21) . 
MATERIALS AND METHODS

Bacterial strains
FW102 (the kind gift from F. Whipple) is a streptomycin resistant derivative of CSH142 [araD(gpt-lac) 5 ] and is designated as wild-type in this study (22) . Gene deletions and the presence of looping assay episomes were confirmed by diagnostic polymerase chain reaction (PCR) amplification after conjugation and selection (23) .
DNA constructs
DNA looping constructs were based on plasmid pJ992, created by modifications of pFW11-null (22) as previously described (23) . The relationship between lac operator sequence and repression in the absence of DNA looping were measured in preliminary experiments (Supplementary Figure S1 ). Sequences of new experimental and control promoters are shown in Supplementary Figure  S2 with descriptions in Supplementary Table S1 . The O 2 operator normally present within the lacZ coding region was destroyed by site-directed mutagenesis (15) . The experimental strong UV5 promoter does not contain a catabolite activator protein binding site. lacZ looping constructs were placed on the single copy F128 episome by homologous recombination between the constructed plasmids and bacterial episome followed by mating. F128 carries the lacI gene producing wild-type levels of repressor. Bacterial conjugation and selections were as previously described (23) .
In vivo DNA looping assay and data fitting Analysis of lac reporter gene expression was performed as described (23 Table S2 . For studies of T7 RNA polymerase promoters, promoter-reporter constructs were created based on plasmid pJ992, with modifications illustrated in Supplementary Figure S4 , and were placed on the singlecopy F128 episome. Cells were transformed with a plasmid expressing an arabinose inducible T7 RNA polymerase gene (a kind gift from Troy A. Lionberger) before lac reporter gene analysis. To determine b-galactosidase activity, bacterial cultures were grown in MOPS minimal buffered media (Teknova) supplemented with 0.8% of glycerol, 1.32 mM of dibasic potassium phosphate, 10 mM of NaHCO 3 , 0.2% of casamino acids and 12.5 mg/ml of thiamine. Cultures were grown either in the presence or absence of 2 mM IPTG and/or 0.02% arabinose. b-Galactosidase assays were performed as described (23) . T7 RNA polymerase promoter-reporter constructs are illustrated schematically in Supplementary Figure S4 , with data shown in Supplementary Table S3.
Chromatin immunoprecipitation
Escherichia coli cultures were grown to log phase in 50 ml cultures of LB medium at 37 C in the presence or absence of 2 mM IPTG. Cross-linking of DNA and protein complexes was accomplished with the addition of 37% formaldehyde (Sigma) to make a final concentration of 1% in the presence of 10 mM sodium phosphate (pH 7.6). Cultures were maintained at room temperature with constant gentle swirling for 20 min. Reactions were quenched with cold 2 M glycine (200 mM of final concentration). Cells were harvested by centrifugation, washed three times with 4 ml of cold phosphate buffered saline and were resuspended in 1 ml of IP buffer [100 mM of Tris-HCl pH 8.0, 300 mM of NaCl, 2% of Triton X-100, 1 mM of PMSF and an additional protease inhibitor mix (Roche)]. Cells were lysed, and cellular DNA was sheared by sonication and was further analysed as described in the Supplementary Materials.
RESULTS AND DISCUSSION
Experimental design
The experimental design for this work is illustrated in Figure 2 . We have previously studied a series of artificial lac UV5 promoters, where repression by a weak proximal operator (O 2 ) is dramatically enhanced in a distancedependent manner by a strong auxiliary operator (O sym ) positioned upstream of the promoter (Figure 2A ) (15) (16) (17) 24, 25) . Repression loops formed by Lac repressor trap the promoter within a tightly bent segment, where O 2 occupancy by repressor is assumed to occlude polymerase binding (dashed region in Figure 2B ). We now create a series of promoter constructs illustrated in Figure 2C (see Supplementary Figure S2 ). In these constructs, the same promoter and proximal O 2 elements are supplemented with the auxiliary O sym operator positioned 'downstream' such that looping again enhances repressor occupancy at O 2 but does so without constraining the promoter within the loop ( Figure 2D ). Effects of O sym operators studied in the absence of DNA looping are shown in Supplementary Figure S3 . The hypothesis to be tested is that promoter repression is equivalent for DNA loops of comparable size, regardless of whether the regulated promoter lies within the loop ( Figure 2B ) or adjacent to the loop ( Figure 2D ); 'it is only the DNA loop-dependent increase in effective Lac repressor concentration at O 2 that determines repression'. The particular alternative hypothesis of interest is that promoters entrapped within strained DNA loops ( Figure 2B ) are repressed more completely than when the promoter is not strained ( Figure 2D ).
Upstream and downstream loops in control studies
Experiments were undertaken by placing a series of spacing constructs (Supplementary Figure S2 and Table S2 ) in a single copy on the F 0 episome of E. coli and measuring reporter gene (lacZ) expression in the absence or presence of IPTG inducer. Data were collected as a function of operator spacing and were fit to a thermodynamic model to estimate parameters describing the physical properties of the intervening DNA (12, 15, 23) . We began with a set of control experiments to assess the effect of DNA loops formed upstream ( Figure 3A the weak O 2 operator without DNA looping drops by >30-fold, and no repression is detectable when O 2 is disrupted ( Figure 3A) . Results are similar, but the strength of repression is reduced to $4-fold, for operators spaced by 73 bp ( Figure 3B ). Energetically unfavourable DNA twisting is required for closure of the repression loop in this case. We then tested the construct shown in Figure  3C , where the relationship of the lac UV5 promoter and proximal O 2 operator is unchanged, but the auxiliary O sym operator is placed downstream. For an operator spacing (67 bp centre-to-centre) that places repressors on the same DNA face, repression is again seen to be strong (RR value 68) and dependent on the presence of both operators ( Figure 3C ). Interestingly, in the absence of DNA looping, the presence of O sym $50-90 bp downstream from the promoter yields RR values of 4-9 ( Figure 3C and D). These results suggest that a tightly bound Lac repressor interferes weakly, but detectably, with RNA polymerase elongation (18, 26) . Loop-dependent repression remains detectable, but weaker, for an unfavorable downstream loop spacing (50 bp, Figure 3D ). Importantly, loops involving an O 2 operator positioned 20 or 40 bp downstream from the promoter were no more inhibitory than isolated repressor-operator complexes at these locations ( Figure 3D ). This result demonstrates that enhanced repression in experiments where O sym is downstream of the promoter depends on O 2 adjacent to the promoter. This result also suggests that like upstream repression looping, downstream loop formation principally represses through inhibition of transcription initiation. This demonstrated similarity in mechanism allows direct comparison of quantitative data from upstream and downstream loops.
Length-dependent upstream and downstream lac loop stabilities
We have previously studied apparent DNA physical properties in living bacteria by monitoring promoter repression as a function of operator spacing for upstream loops (Figure 2A and B). We reported an oscillating pattern of repression as a function of operator spacing ( Figure 4A and B) consistent with unexpectedly low DNA bending resistance, but strong DNA twist resistance, residual looping even in the presence of IPTG and a deduced DNA helical repeat parameter that differed between repressing and inducing conditions (15) (16) (17) 24, 25) . New constructs with downstream auxiliary operators were studied, and the data are shown in Figure 4C and D with fitting to a thermodynamic model of DNA looping (Table 1) . Figure 4C shows reporter activity normalized to a construct with only a proximal operator (E 0 ) as a function of operator spacing (center-to-center). In Figure 4C , data for both repressing (filled black circles, solid red fit curve) and inducing (open black circles, dashed red fit curve) conditions are compared with data for loops involving upstream auxiliary operators (shaded region). The pattern is similar, although repressed E 0 values tend to be lower for constructs with downstream auxiliary operators. We noted that oscillations in repressed and induced E 0 values are somewhat irregular for operator spacings between 40 and 70 bp ( Figure 4C ), whereas oscillation of their RR (filled black circles and red line fit in Figure 4D ) is regular and similar to the result for upstream loops ( Figure 4D , solid grey curve). We interpret the irregular oscillation of downstream E 0 values ( Figure 4C ) and regular oscillation of RR values ( Figure 4D ) as evidence of mRNA sequencedependent gene expression for downstream auxiliary operators; sequence changes involving downstream auxiliary operators result in different 5 0 -untranslated mRNA leaders that may affect RNA stability and/or translation rate. Normalization removes such effects in the RR data ( Figure 4D ). Also different from results for upstream auxiliary operators in the absence of proximal operators ( Figure 4B , filled triangles and dashed curve), constructs carrying a strong downstream auxiliary O sym operator in the absence of a proximal O 2 operator show oscillating phase-dependent repression ( Figure 4D , filled triangles, dashed black curve). This loop-independent repression is higher than for upstream auxiliary operators ( Figure 4D , dashed grey line fit), again suggesting that an occupied O sym represents a barrier to transcription elongation by E. coli RNA polymerase. This oscillation could reflect O sym sequence effects or residual DNA looping anchored by weak recognition of the disabled proximal O 2 operator or some other unknown cryptic operator sequence (10) .
To resolve this issue, we reproduced the study of downstream O sym effects in an E. coli strain with a totally disabled Lac repressor [LacI Y282D (27) (28) (29) ]. The results are shown in Figure 4 (panels E and F). The E 0 expression data ( Figure 4 , panel E, compare green to dashed red) show a comparable oscillation in the complete absence of Lac repressor relative to the original (dashed red) induced (+IPTG) E 0 data. In panel F of Figure 4 , these RRs data (green) do not oscillate, confirming the absence of active repressor. This result indicates that the residual E 0 oscillation (green in Figure 4E ) is because of some feature of the O sym operator sequence, as it rotates about the helix axis, 'not' residual weak looping because of weak repressor binding in the presence of IPTG. Given that the effect of the downstream O sym remains even in the complete absence of repressor, the origin of the oscillating pattern is mysterious and interesting. Oscillation with the helical repeat of DNA implies a face-of-the-helix effect. Possible explanations could include interactions between the promoter and a DNA structure at the strong inverted repeat at O sym or a strong hairpin structure in the nascent RNA transcript or even weak binding by some other protein at O sym . Thus, there is evidence for an oscillating effect of the palindromic operator sequence, per se, on gene expression.
The data in the complete absence of functional Lac repressor also provide the opportunity to express the RR as fully induced (no repressor) divided by fully repressed. These data are included in Figure 4F (magenta) and show the much larger dynamic control range when residual repression looping is eliminated, as previously suggested (30) .
The effect of isolated auxiliary O sym was also measured in the absence of either a proximal operator or residual repressor (LacI Y282D mutant). This is shown in panels C and D of Supplementary Figure S3 . Supplementary Figure  S3C (light solid grey) shows weak oscillation previously observed for upstream O sym auxiliary operators, suggesting little position effect of upstream O sym , as reported (15) . In Supplementary Figure S3C , the E 0 (green) data in the absence of functional repressor show that isolated O sym operators downstream of the promoter cause an oscillating repression effect that is similar to the wild-type LacI induced by IPTG, indicating that there is an oscillating effect of the O sym operator sequence alone, that is magnified when Lac repressor binds to it. Supplementary Figure S3D (RR) shows that repressor binding to the isolated downstream O sym operator amplifies the effect of the operator (compare bLack dashed trace with green dashed trace).
It is important to note that loop-independent repression by a transcribed downstream O sym operator can produce RR values of 4-9 ( Figure 4D polymerase. This means that the 68-fold repression for the downstream loop observed in Figure 3C is only 7-14-fold higher than for the isolated O sym operator (compared with the 33-fold ratio related to isolated O sym for the upstream loop in Figure 3A) . However, compared with O 2 alone, the upstream RR increases by 33-fold and downstream by a similar 23-fold.
By fitting to a thermodynamic model of the Lac control loop (23) , these data produce estimates for the seven parameters given in Table 1 . Most striking is the difference in fit values for the apparent loop twist constant, C app , whose estimates are >3-fold higher for downstream loops than for upstream loops. Because a common value for the DNA twist constant in vitro is $2.4 Â 10 À19 erg-cm, this suggests that it is the twist flexibility of the upstream loop that is anomalously high, even given the fact that the Lac repressor protein constitutes part of the loop. Because this parameter is dominated by the behavior of the UV5 promoter sequence in the upstream loops, it is possible that this result reflects a relatively high twist flexibility for the promoter sequence. In this regard, it has been previously shown by DNaseI accessibility (31) and cyclization kinetics (32) that TATA-like sequences display anomalous mechanical anisotropic flexibility that might explain our observations. Also noteworthy is the 5-fold higher fit value of K 0 max (the equilibrium constant for loops without twisting strain) for downstream loops. It is unclear why optimal downstream loops are more energetically favorable (as implied by this value). It is again possible that unique aspects of the Lac UV5 promoter could be reflected in this parameter.
Smallest detectable Lac repression loop in vivo
The design of Lac loop constructs with an auxiliary O sym operator downstream of O 2 ( Figure 2C and D) provided an opportunity to identify the smallest possible Lac repression loop. In previous work with upstream loops, we minimized the spacing of operators flanking an E. coli promoter until interference was detected (25) . For operators flanking an E. coli promoter, the smallest centre-tocentre operator spacing for a repression loop was $60 bp (25) . Examination of the data in Figure 4C and D shows that DNA looping fails between 40 and 45 bp (about four turns of the double helix, two of which are between the operators). For operator spacings <40 bp (center-tocenter), there is no evidence of loop-dependent promoter repression ( Figure 4C and D, blue symbols) . This suggests that Lac repressor can constrain four turns of DNA into a stable loop. Interestingly, Hochschild and Ptashne (33) previously reported that loops driven by protein-protein interactions between cooperatively bound of phage repressor dimers could be detected for center-to-center spacings of as small as five DNA turns. Thus, the flexible tetrameric Lac repressor seems to be capable of stabilizing more highly strained DNA loops than phage repressor. Such tight DNA looping is likely to be facilitated by the high affinity of Lac repressor, its stable tetrameric structure and the flexibility of the Lac repressor tetramer, which has the potential to form an extended linear structure in bridging operators within a microloop (25, (34) (35) (36) .
Fate of RNA polymerase at Lac repression loops in vivo
The data in Figures 3 and 4 and Table 1 support the hypothesis that promoter repression is principally by binding occlusion at O 2 , with enhanced local repressor concentration through DNA looping. Because aspects of this concept have previously been challenged (19-21), we considered other possible scenarios involving RNA polymerase ( Figure 5 ). Under inducing conditions, RNA polymerase (red circle) initiates transcription by binding the Lac UV5 promoter flanked by unoccupied operators (Figure 5A ) or when the unoccupied operators are both downstream ( Figure 5B ). Possible outcomes for RNA polymerase under repressing conditions are shown in Figure 5C -H. The conventional model is that RNA polymerase is occluded in both cases ( Figure 5C and F), but RNA polymerase might be trapped at the promoter as suggested (19, 20) (Figure 5D and G) or might engage the promoter and dispLace bound repressor ( Figure 5E and H). We designed chromatin immunoprecipitation (ChIP) experiments to distinguish these models.
Antibodies against the a or s 70 subunits of E. coli RNA polymerase holoenzyme were used to immunoprecipitate promoter DNA fragments that had been cross-linked by formaldehyde in vivo. A combination of mechanical shearing and micrococcal nuclease treatment was used to reduce DNA fragment size to $200-400 bp before reversal of cross-linking and quantitative PCR with promoterspecific primers. Signals were normalized to total input DNA. Results are shown in Figure 6 and Supplementary Figure S5 . Three constructs Lacking E. coli promoters (BL1076, BL1095 and BL1093) served as negative controls for RNA polymerase occupancy in the absence or presence of IPTG. The low background ChIP signal from BL1093 was set to 1.0 ( Figure 6 ). Enrichment of a or s 70 subunits of E. coli RNA polymerase was then determined for five different constructs containing E. coli promoters under repressed or induced conditions. In all cases, in vivo promoter occupancy by RNA polymerase corresponded well to b-gaLactoside reporter expression. On induction, all constructs with E. coli promoters showed RNA polymerase occupancy 6-20-fold higher than background ( Figure 6 ). For promoter constructs with a single weak O 2 operator, leaky repression is only 2-3-fold (15, 16) , and this was confirmed for RNA polymerase occupancy (Figure 6, BL546 ). For constructs with upstream auxiliary operators without (BL600) or with (BL596) twisting strain in the repression loop, RNA polymerase occupancy (as measured by promoter cross-linking of a or s 70 subunits) was similar and at background levels before induction. Assuming that antibody recognition epitopes remain accessible in cross-linked repressed complexes, this result rules out RNA polymerase capture at repressed promoters in vivo. For repression loops formed with auxiliary operators downstream of the proximal O 2 operator, results were similar ( Figure 6 ). If the downstream loop was stable (BL1050; operators phased so the looped DNA is not twisted), repression was tight and RNA polymerase was excluded under repressed conditions ( Figure 6 ). For downstream loops that are unstable because of dephased operators, and the requirement for DNA twisting strain (BL1046) repression is leaky and RNA polymerase holoenzyme occupancy is relatively high even under repressing conditions ( Figure 6 ). Together these results favor the repression models shown in Figure 5C and F. RNA polymerase is prevented from binding to the Lac UV5 promoter to the extent that Lac repressor is bound at the proximal O 2 operator. As expected, there is general correlation between IPTG-induced gene expression and RNA polymerase ChIP signal, and between RR and RNA polymerase ChIP signal ratio comparing induced with uninduced conditions (Supplementary Figure S5) .
Repression without promoter/operator occlusion
The results described earlier in the text confirm that when repressor and RNA polymerase compete for overlapping binding sites, repression is based on the effective local repressor concentration with contributions by free repressor and repressor looping with similar distance dependence from either upstream or downstream auxiliary operators. What if repressor and RNA polymerase do not compete for overlapping binding sites? Using the single subunit T7 RNA polymerase as a model, it has been shown in vitro that promoter bending strain, per se, can be repressive (21) . To test this idea in vivo, we created the constructs shown in Figure 7A and B. When the auxiliary operator is upstream ( Figure 7A ), possible T7 RNA polymerase (red triangle) fates under repressing conditions are illustrated in Figure 7C -E. T7 RNA polymerase might be excluded ( Figure 7C ), captured ( Figure 7D ) or it might disrupt repressor and initiate transcription ( Figure 7E ). Similar scenarios might occur when the auxiliary operator is downstream of the proximal operator ( Figure 7F-H) .
To test these ideas, three constructs were created for in vivo analysis using T7 RNA polymerase. In one construct (pJ1906; Figure 7A , Supplementary Figure S4) , a T7 RNA polymerase promoter was pLaced between O 1 and an upstream O sym operator, such that the promoter was approximately two DNA turns from either flanking operator. Lac repressor binding should not directly influence T7 RNA polymerase binding at this distance (37) . The operator spacing (86.5 bp center-to-center) allows formation of a stable loop. In a second construct (pJ1940; Figure 7B , Supplementary Figure S4 ), T7 RNA polymerase promoter and O 1 positions were preserved, but the auxiliary O sym operator was positioned downstream by 58.5 bp (center-to-center). As a control, an unlooped construct pLaced the T7 RNA polymerase promoter approximately two DNA turns upstream of an isolated O 1 operator (pJ1938; Supplementary Figure S4 ).
Constructs were pLaced on the E. coli F' episome for testing in the presence of a plasmid encoding arabinoseinducible T7 RNA polymerase. In vivo testing allowed determination of b-gaLactosidase expression and the RR. Data are shown in Figure 8 and Supplementary Table S3 . In the absence of arabinose, T7 RNA polymerase is not induced, and the reporter signal is low (first two columns of each set). On T7 RNA polymerase induction, the results are striking. Even when the T7 RNA polymerase promoter is well separated from Lac operators, a RR of $20 is observed when the promoter is constrained within the repression loop (Figure 8 ; strain BL1076). In contrast, the same promoter gives RRs not statistically different from 1.0, when it is pLaced upstream from an isolated O 1 operator (Figure 8 ; strain BL1093) or upstream from a stable DNA loop formed by Lac repressor binding to O 1 and O sym operators (Figure 8 ; strain BL1095). Slightly reduced reporter gene expression on full induction of T7 transcription could indicate some favorable interaction between Lac repressor and T7 RNA polymerase or may reflect RNA destabilization because of uncoupling of transcription and translation (38) .
These results show that DNA looping can repress T7 transcription initiation, but not T7 transcription elongation, and that 'repression of T7 transcription initiation can occur in vivo simply by promoter presentation in tightly bent DNA'. The models shown in Figure 7C and H are supported by these data. With respect to this mechanism, promoter bending deformation may impede T7 RNA polymerase binding, and/or it is possible that T7 RNA polymerase cannot initiate from the tightly bent promoter because the enzyme Lacks sufficient binding energy to untwist the constrained DNA within the loop. It remains to be determined whether promoter pLacement on the 'inside' of the looped DNA (as was the case here) is important for repression.
CONCLUSIONS AND FUTURE DIRECTIONS
Although perhaps the first and best-studied genetic switch in biology, several fundamental aspects of Lac promoter control remain incompletely understood. Using in vivo studies of simplified constructs that focus on negative control, this work has sought to clarify four basic principles of bacterial promoter repression by DNA looping. promoter be repressed in vivo simply by constraining it in a strained DNA loop? Our results suggest that upstream and downstream auxiliary operators enhance the concentration of Lac repressor at a promoter-proximal operator with similar distance dependence. By studying DNA loops not containing promoters, we show that Lac repressor can constrain a stable loop with as few as four turns of double-helical DNA in vivo. ChIP results confirm that RNA polymerase exclusion, not RNA polymerase trapping, is the repression mechanism. Finally, using a T7 RNA polymerase promoter that does not overlap with Lac operators, we show in vivo that promoter pLacement within a strained DNA loop is sufficient to repress transcription initiation, confirming a previous proposal (21) .
Future experiments are planned to extend these results in two ways. First, it is important to apply ChIP to study the issue of RNA polymerase exclusion versus trapping in the context of the wild-type Lac promoter region with an intact catabolite activator binding protein recognition sequence under conditions where both positive and negative control are operative. The spacing between the À10 promoter element and proximal operator is 6 bp in the wild-type Lac promoter versus 9 bp in our experimental constructs, and it will be important to determine whether this subtle difference affects RNA polymerase fate at the repressed promoter, especially given evidence of favorable repressor/RNA polymerase interaction (39) . Second, we will study Lac promoter occupancy by architectural DNA binding proteins to explore the extent to which the apparent flexibility of the DNA in the Lac repression loop reflects the participation of DNA bending and kinking by these accessory proteins (15) (16) (17) 24) , a phenomenon that has previously been demonstrated in looping control at the E. coli gal operon (40) (41) (42) .
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